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A Statistical Model for iivdrogen Halide Product Distriburtions

i

Using Inrormation Theor:.*

D. H. Stone and R. L. Kerber
Michigan State University
East Lansing, MI 48824

Chemical laser modeling is dependent on the reactiocn rate
coefficients available from both experiment and theory. A
statistical model has been developed to correlate the relative
rate coefficients for the laser pumpinc rezcticns:

(I) F + H2 ~ HF(v,J) + #H, (II) F + D2 -~ DF(,J) + D,

(ITI) H + F2 ~ HF(v,J) +« F, (IV) D + Fz - DF(v,J) + F,

(V) H + CL, = HCL(v,J) + CL, (VI) D + CL, * pCL(v,J) + Cl,
(VII) # + Br, » dBr(v,J) + Br, and (VIII} D « Br, ¥ DBr(v,Jj + Er,
The detailed product distributions for Reactions (IV) and (VIII)
are generated by the models these distributions have not vyet

been experimantally determined. -"The model uses surprisal
analvsis to relate the product rotational distributions for

each reaction by considering each vibraticinal level separately,
Usinc Polanyi's exreraimental data with RRIOQ prior rates results
in rotational surprisals which are approximately auadratic in
form and vary in width with vibrational level. A model was
developed and applied tc Reactions (III) and (VII) which assumes
a reaction complex interaction among the product +vibrational
levels. An adjusted number of product states made available

to each level by the interaction is then computed. The logarithm
of this number is related to the width (or entropy) of each
rotational surprisal distribution and a correclaticon is observed.
The model also predicts the degree to which the surprisals skew
toward high rotaticnal levels. ™he model results coupled with
the observed vibrational distributions Zavorably reproduce the
rotational distributions for Reactions (I11) and (VII). Assuming
an iscotopic independence for some paramctors between Reacticns
(ITI) and (IV) and between (VII) and (VIII), the model can
generate the full vibrotational distributions for (IV) and (VIII)
from a small set of input parameters.

*This work was supported by AFOSR Grant No. 75-2842 and NSF
Grant No. ENG 76-00n733,




I. INTRODUCTION

Chemical lascr modeling 1s dependent on the rcaction rate
coefficients available from both experimert and theory. A
comprehensive computer model must incorporate potentially
hundreds of rates for the various pumping and relaxation
mechanisms, in order to accurately predict laser performance.
Available reaction rate data for HF chemical lasers 1s taken
from selected experiments and trajectory calculations as re-
viewed by Cohen and Bott in references i1 and 2. ©Not all

reactior. rates of interest 1n the {F laser have been studied

and significant uiicerta.ncices are present in many that are known.

Technigues are needed tc <xpand the data base Irom a few

accurately measured reciction rates tc a complete rate set. 1In

r
ot
(v

this paper, we apply information - thecretic or "“surprisal"
approach to reaction proauct distributions as develcped by
Bernstein, Levine, and Ben-shaul (references 3-5) to the
experimental distributions obtained by Polanyi, Woodall, and

Sloan (references 6-7) for the pumping reactions

F + H, - HF(v,J) + H (1)
F + D2 - DF{(v,J) + D (11)
H + Fz + HF(v,J) + F (TII1)

Our objectives are to develop a model which correlates the
vibrotational product distributions for these reactions in order
to describe the distributions in terms of a small set of para-
meters, and to predict the full vibrotational distribution for

the reaction

D + F7 - DF(v,J) + F (IV)

We also apply the model to the experimental distributions

obtained by Anlauf, et. al, (reference 8) for the reactions
H + Clz - HCl(+v,J) + Cl (V)
D + C12 = DCl(v,J) + Cl1
H + BRZ + HBr(v,J) ¢+ Br




1Ct the Trocuct

o

The model 1s then usca to pre

rn

“ributicn for

D + Br, + DBRriv, =+
s

w

r (VIT:

This reaction product distribution has also not been studied ex-
perimentally.

The model incorporates well—documented‘reacticn ccmplex
dynamics characteristic of Reactions (I)-(VIII) along with ideas
similar to statistical collision theory as reviewed 1n reference

ro

9. The surprisal technigue 1is used tc make the product distri-

39

butions more tractable. We now rcview the surcrisal approach

and apply it to each reaction.

IT. INFORMATION CONTENT OF AN EXPERIMENTAL DISTRIBUTION

From the developmen
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distribucrtion of outcomes in an experinant which Consists O
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large number of repeticions, N, of the same event, with n po
e

outcomes. The probability of the 1th ~utcome is desined as

P, = Ni/ﬂ, the fraccio times that we cbserve the 1ith outcome.

n of
i
The infcrmation content of the distribution is “hen given as:

[
|
.

l)“, ORI . (1)

The information attains its smallest value {zcro) when
Pi = 1/n so that all rhe possible outcomes arise with equal
probability.

The entropy of tne distribution is defined bv

P. in D. {
i i

o

i
where the thermodynamic entropy S = RH, and R is the uas constant.
Then

I = .n{n) - H (3)

Both the information and entropy are nonnelative nunbers.

The prior distribution, PO, of vraoduct staves {outcomes)
is given as the one which corresgonds to T = 0. Thus, ‘or simple
microcanonical systems,

o) 1

P = H (4a)
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or, if the states are groubed closely cnouah to e 3 density
ot states function :{(E), of the tctal ene

p® = 1/:(E) (4B

~.

Using (4) in (1), and further defining the "surpr:sal"”

I, = -inip,/P} (5
we have
= —'- bl
I I (6)

[

We can see that the i1nrormation 1s the negative average value
of the surprisal, & uuantity which from infermat:i:on theory
is the difference ¢I the self-intormation of the g¢uperiner+al
distribution (~-inP.,) and the self-infcrrmatction of the microcanonica.
distribution (—ZnPfl.

Since Pi represents socme combinaticon orf s3tart:istics and
dynamics 1n an experinent, and P? 1s 3 purely statistical quantity,
the form of the survrisal should then cive us relevant dynamical

information.
ITI. SURPRISAL ANALYSIS

To characterize the pumping distributions we now calculate
the form of the surrrisals. The experimental rates are those of
references 6-7 and we usc the RRHO approximaticn L0 generate simple
baseline statistical vates P°. we emrrloy the dimensionless energies
fR’ fv, and fT which correspond to the fractional product energies
in rotation, vibration, and translation, respectively. Thus we
must always have

Soow fo o+ £o=1 (7)

The {fx} are calcuiated according to the total energies with the

constraint

o 3
P . - + E + = + ? 8
ORI H 2 F 3RT + RI (8)
where the heat of roaction, —iHo, 1s a2dded to the relative
3 o
rcactant translational energy, Ea + ZRT’ plus an additional RT
for the internal «nc-rjy of the incident diatomic.




Rather than working directly with the rotational surprisals
we now compute and analyze the translational surprisals, therebv
considerirg the vibrational and rocational cdecsrees of Ireedom as

components of the internal molecular motion such that

f_. =1 - (f._  + f

T v y =1 - f (9)

R int’
The translational surprisals for different viprational levels

o ~O
are compared by normalizing P and P~ as though each product
vibrational level comprised a separate experiment.

Thus, we constrain

TooE g = ]
P, v 1 (10)
= j H - -
PY(f. vy = 1 (11
- T

where the probabr.lities are c¢iven or ¢ach -roauct translatcional

energy, given a vior

a
computed according to refe

where : 1s determinad to satisfy the normalizacicn by selecting

those values of fT which correspond tc experimentally observed
J-levels. With this normalizatior method, we can analvze the
deviation from the statistical rate within cach -level without
concern for the weighting effects of the vikbrational distribution.
The translational surprisals for Reactions (I), (II), (III),
(V), (VI), and (VII! are shown 1in Figures 1-2. It 1s important
to note that the curv.es are most narrow for the highest ob-
served vibrational levels and brcaden fcor lower ievels. In
general, the surprisals achieve maximum width in the intermediate
vibrational levels. e also note the lack or sv~metry in the
surprisals. Particularly for Reactions (II1) and (VII) thn
surprisals skew toward the high rotational (low translational)
levels, with respect to the most probable J-level, denoted J.
We use J for the rotational level at which the surprisal, I,
is a minimum. The value of J is usually, but not nccessarily,
equal to that rotational level within a vibkbraticrnal ;manifold
with the greatest population.

We gquantify the ifull-width of cach surorisal by measuring




arbitrarily at I = In2 , where P = P72, W¢ soo 1n Table I
that for Reactions (I} and (I1II) the full-widths are Ircatest

in the middle vibrational levels. According to the m

@]
{2,
0]
s

described 1n the next section, the Reaction (II) masisum

full width should also occur in a midadle vibrational level;

we Jjustify this identification later.

IV, A SEMI-EMPIRICAL MODEL TO CORRELATE ROTATIONAL SURPRISAL

FUNCTIONS.

As a result of the normalization, all surprisals for a
given reaction have rouchly equivalent peak magrnitudes. The
significant varizt:icons are in the full-widths of <he curves
at some arbitrary wvalue of I, and in the dearece o skewness.

We can directlv raolare the surprisal widths to the 2ntropy of
the distributicn. <Clearly, as the width shrinks o a single
J-level, we have a minimum of entropy {(or a maximum of information),
i.e., we can make the best pcssible rotational level prediction
for an experiment. As the surprisal brcadens ultimately to a
horizontal line such that I = 0, we have P = P° and thus a
maximum of =2ntropy since the result is simply microcanonical.

In a future paper, we Guantify the relationship of the surprisal
widths to the classical "information" as defined in Eg. 6, and
show how the chcice of rate normalization is crucial to tha

use of information 1s a cvredictive tool.

We now construct a model to interpret the surprisal results
based on reaction complex dynamics as described in references
10-14. Trajectory calculations for three body exothermic re-
actions of the type & = BC ~ AB*+ C trom rererence 10 indicate
that attractive potent:ial energy surfaces facilitate multiple
encounters among the tiirce atoms before scparation. A limit
is eventually reachad wncore the dissociaticn of the complex is
governed by statisticial considerations, as oxplored by J. C.
Light and cc-workers in references 15-18. 1In cases where the
potential energy surfaces exhibit a mixture of attractive and
repulsive character, we find useful both statistical and dy-

namical concepts.




The net cffect of secondary ¢nccunzers wlohin the realticl.

complex is a broadening of the eneray ancd angular aistributiors,
as proposed in references 10-14. Tho twO Drimary tyvpes oI en-
counters are termed "clouting" and "clutching." C(Clouting in-
volves a repulsive encounter between A and C with consecuent
reduction in the angular velocity of AB . Clutching secondary
encounters are also known as "migratory" encounters. The
probability of "migration" increases with the magnitude of the
attractive part of the potential e

ercy surface, & . Therefore,

n
for example, we woulld ¢xpect micration to clav a sreater role
in Reactions (II 5

4
o
3
£

=

]

4
-
-
o]
]
I
0]
s
>

% than .n Reaction (V)

where A =25% (references 7 ancd 19).

A further crffZect cited in referonces 10-14 1z an Skbserved
decrease in the mean product vibrational energy, ':v1b>’ with
increasing collision complexity Zesuiting Ircm 1nsreasind A .
The result is conversion of vibrational energy oo rotation and

transiation. Product rotational anergy 1s marticularly enhanced

for migratory enccunter

0]

Dramatic migratcry effects for the react:cns § + ICL - HC1 + I,
H + C1lBr - (HCl + Br, HBr + Cl) resulting 1n bimocal rotational
distributions withinr each product vibrational lcovel are described
in reference 13. Appriving these concepts tc Reactions (I)-(VIII),
we anticipate, and 1n fact, observe both brcaaened and skewed
rotational distributions with the most attractive potential
energy surfaces exhibiting the largest asymmetry toward high
rotatinnal levels.

A model which ccmbines these dynamical i1dcas with statistics
must predict the vibrational dependence of bc in the surprisal
full-widths and the lcgree of asymmetry or skvwness. A schematic
of the model is shown in Figure 3. For pedogouilcal purposes
Reaction (I) is used since only three v-levels are 1nvolved.

As the reaction begins, a particular product ibrational
energy becomes most probable depending on a given trajectory
through the potential encrgy surface. Phis wvibrational energy
may be guickly transformed intc rotaticnal and =rinslational
energy via clouting or clutching secondary encounters followed

by repulsive cnerqy relcase.




In orcer to model <hesSe 1ntoeractl

O

nE WC QSSum. Tnat the
energy redistribution i1n vibration, rotation, and transiation

(V, R, and 7T) can be described by a redirstrifurian

[
J
3

G

be
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o]

{2

1Y

states within the fully formed molecule--HF for c¢xample 1in
C

(t
<
fa.
0
0
u
-+
[
ct
o)
n
)
n

Reactions (I) and (III). Use of the grcau
especially reasonable 1n Reactions (IIIV-(VIII! n which +tho
"light-atom anomaly" results in an "AB" bond being ef

formed before the "C" a.om becomes invoived. This a

of the unrerturbed gproduct states as an approM:imation to the

time-dependent rcacticn ccnmplex wave functicns.
For the su.ociiic sase shown wn Fl:ure 3 we oo that the
v=1 population will result partly frem molecu.—< 1nitially

choosing the =1 product tevel and partiv from moicscules chotsing

levels v=C and ~ =3 :n2 underdolind the »nerdy rolrstribution
process. The redigtsioutlisn vath 1s taken o P4 lrom ovibration
resonantly tc rotaticsn and then i1n part o tr:insiatvion. This

would seem to follcw the order taxen in the complex. A direct
path from vikration tc a mixture of rotation ind translatiorn
was also tested with si1gnificantly inferior results.

The contributicns frem the higher V-levels must be weilghted
according to the initial transition state vibrat:ional

probability, P({ ), and the amount of rotational energy, 'E,

r
TV-k
converted into product translational energy. The term EV—R
doneotes the encrygy vrescnance among the selected V-R states.
If the initial populations are taken as grouped witiiln equally
small energy intervals, .7, the redistribution prccess makes
these states avallablye tu lower V-lnvels., The natural logarithm
of the numbecr of weil:nted available states then corresponds to
the entropy, or wi:ith, of the given distribution.

We take P(EV_R) va3uil to the final vibrational population,
P(v). We find thac 1lthough the model predicts a large

difference botweooen *he ibsolute reaction complex and final

vibrational ooj;ulatiuns, the relative (normalized) populations
are almost unchanged. We see 1In fact a small relative
population shiit to lower v-levels, but the diffcrences are

actually within the ~xperimental uncertainties of the vibrational




distributior Lach state 18 ailsc welzhted by oo TaoTor

which g1+ . the probability for rcolaxatlcn Ir.o . Sce.olTod
state .u the most probable rotaticonal state, O, an wnor v
distance :E away. The adjustable
of the magnitude of the encrgy redlstribution o0 Cles
Ggiven reaction. It 13 analogous to the recicroIxl 5I the con-
stant “C." as ygiven by Polanyi and Woodall in rererence 20 for

HF collisional rot

ae!
hS

I
;

i
o)
2
~3

hd
J
e T oA - 1 o - N - -
where & = . - E_. Tach rooz:ticnal level 0oL owithin The Lno-
z B
terval selore the Tinal rotation o trans.Lition redistribution
\ . — - —_— N . PRPSSON ~vs i}
is weigh=o2 kv ity leaonoerazy, 25+1.
Pericrming the sum
‘ : - -"E. kT .
v = C g+ N s [
soluecCcted
I
J levels
gives us an ad;ustod number oIl ostates wnich Jointributes o the

rotational zurnrisal width or entrogpy of thoe Iir-«vribution.
Identifyins the surrcrizal width with the legari-hm of the
number of weiuahted :vallable states ives

~

width (v) & iy <= ¢ 1n. " (v)

—
(3]

where C i1s a constant ndéopendent oI .

V. APPLICATION oF

MODEL

Soxotioneg 1 I1g,

-y
re
!

The Lredictins rrom weguation (15

(VI), and 00 are conaars bowith sevovyimeas o0 woraths an Froara

4 for optirum walues ot . The valuc ot 0 1o Towed b

s catchain:

the largest width with “he lariest value 07 .o . We T1nd
in fact a smeoocth Junctional relationship berween @oand C such
that for 1 ~iven -1 v nt.rval, as ¢ incroascs, ¢ Jocrcases.
For larje —alues or - (¢ - %, dC/d is smai. 0 i negative,
implying 3 nearly - n.otint value for ¢ vor ool values oo,
This well-i.fined corrcunondonce betw on ind 0 owill o bhe ised

predicting -listritutions for "exctions (L0 o0 D).




We select an enceray interval, 7 (sce [ldu

v
<

o -~ NETEEN
re 3), approxi-

mately ecgual to twice the smallest surprisal wid

ct

h anc then vary the
arameter . (In practice the speciiic choice of interval has
o

little effect on the results as long as it 1s reasonably small.;

For small a, we find that high J-levels are nct contributin

na
enough to the rotational width, while at large . the ccntribut:ion
is too great. The optimum value of i1 1s determined by locating
the minimum in the standard deviation function - = - (a) where:
p i ‘,\_' bl
o=z [ov, ) ny i A i 1 (L
NLoy vredicted observed
In Reaction (i1l for example, using data oY the first five
vibrational levelz rosults in a proncunced oinlmum LCr T4 oy
at » = 1l4. For Reaczion (7Y, althouah are wiaohs tc
correlare at only v = 1 and v = 2, we Iino an gptimum @ = &,
Here we used the v =  surprisal width as nalf the e2nergy :interval.
The Reaction {11, rotational distribut:ion for v=2 was
determined by Polarnyi (roference 6) with considerably less
accuracy than for the v = 3 and v = 4 levels. Furthermore,
W

the v = 1 distribution was estimated since he observed no
detectable vmissicon in that band. 1f we ipply our technigues to
Reaction (II), assu™ming : = 6, we can then generate a rotational
distribution for tho first vibraticnal level as shown 1n
Fig. 5. The data was generated using parameters from the
other vibrational lewels. This results in large entropy

rotational distrabut.:ons in the middle wv-levels for Reaction

o
(II) as we have already observed for Reactions (I) and
(I1I). Wwe show the results for Reactiorns (I) and (II) 1in
Table I1I.

The parv ureter "1 1s taken physically as the strength of
interaction ‘or the secondary encounters in the wmodel. lLarae
values of . enoto hicher probabilities “or sedistribution

over siuniiicunt calu-cs ot "E. We arscoro fhat v is dependent

on the -2+ ntial energy surfaces and the macroscepic reaction
initial coniitions., Thus  may well boe i rovwimately isotonic-

ally indep ndent, varticularly betweon Reactions (IT11) and (IV)




and bLectween (VIT) ang (VITI). We note that thoe optimum values
of both » and  for Reactions (V) and (VI) are very close, in-
dicating tha* isotogic independence of these paraa.ters is &
reascnable ascunption. Using this assumption we can generate
the surgrisal widths predicted by the model for reactions (IV)
and (VLII}) as shown in Figure 6. It 1s not surgzrising that the
widths for Reactions (IV) and (VIII) generally exceed those of
Re. ‘tions (III) anrnd (VII' since the deuterium prcduct energy

levels are clioser todether, Ta7ilitating energy level mixing.

3

AS 3

-

. 31lmost independwnt check on the medel, we now predicet
tr

the degree of asymnme fcr rotattonal surcriszls in reactions

v surfaces. W

o)

characterized by attracet pXrTect rotational
asymmeuvry 1n Ml¢ratsry enccunters wh-.ch may enhance wroduct
rotation as opposad to resulsive, clouting —:nccuntars whic

tend to restrict prodict :otational energy. If we now compare
the probaibility of c¢nergy trar:fer to a low J-level (at sav

I = «n2) with that of a4 hignh J-level (alsc &t I = n2) we
obtain a giantitative imeasure of the asymmetry, i.e., a com-
parison of the "halI-widths" of the distributio.ns centered
about ecacn J.

Therefore corsider an i1ntermediate state with energy E
which transforms within a v-level either to a low J-level of
energy El’ or to a high J-level of energy Fq. The ratio of
these two wreobawvilitiecs according to 3 LOllLSlO“al relaxation

analogy is then

> \ - -— .
PLEE) o (EgmEy)/akT - (E,=Ey) “AKT
= * s TE TR < ¢
P(E_E LT TEGTE ) /K

[ae]
[

(17
If E2 - E. 35 given as the onergy width of a translational sur-
FS

prisal, then we can gprodict the ratio of "nailf-widths" as

"1 -(EL-FE.)/ak7Y (13
i e 1
2
where
51 = fT(I:LnZ at low J) - fT(J) (191
f2 = fT(J) - {T([ 'n2 at hiagh .J) {17h)




E, = £.(I=.n7 at low J) (19c¢)
1 T
= £ =.n2 at hig! 3
E, £o(I= t hich J) (196G
A = = —_-
Ly + iy = E2 El (19e)

A comparison of Eguation 18 with the actual hali-widche for
Reaction (III) is shown in Figure 7. We see that for tne same
values of 1 we obtain good predictions for both the half-widths
and the full-widths. The same technigue was applied to Reaction
(VII) with iess cguantitative success due primarily to the sim-
plicity behind c¢cguations (17)-(19) in estirating radistribut:ion
probabilities. The nodel does exhibit guzlitative success in
predicting Reacticn (VII) asymmetry and ccoull be nade more
sophisticated excarnt that our intent 1s tc wrovide a simple
model tfor correlating pgroduct distributions.

We now develop a simple a2lgorithm tc recenerate the
rate coefficients for Reaction (III) based on the model. Using
the translacional surprisals we note that most of the curves

can be approwimated bv a linear function for f_ < £ (J)

: T T
and a guadratic function for fT > fT (J). So for large fT'
we find "A" such that
. - 2
I - I(J) = A(f_(I = n2) - £_(J)]° (20)
r T
where 1 = inZ and ET(J) is the value of I_ at the maximum value
(peak) of [—I(ET)]. The term fT(I = 2n2) 1s determined by
knowing that
Ll + 5 T 7 CinQ’ (21)
and
Lol =t/ KT ,
1 ¢ (22)
Combining Eguations 21 and 22 gives
T TR (23)
1 Lro SokT
and
P L s (24)
2 ].-‘C‘ :/1.’1L
Then for large fT (emall fR) we have
= ,n2 a% 1 . = f J) ' 5
f,L(T n 1= low J) rT (J) + 1 (25)




I(J) 1s determinec by Observing that each :roduct rotational

distribution has total population roughly prcworticral to the
e

width times the height of the digtribution. Thus, we set
p(J) = X2 (26)

where y is fixed to make the largest wvalue of P{J! for the
entire vibrotational distribution equal to urity. NOw invertinrc

~

Equation 5 and combiring with Eguation 12 we have for any value

of £ _:
T - — L. O, = —I(f) [y -
P(-T, = .« {(\v)P (IT)e T (27
where
<(v)y = ©(Jiv) el
J
with P~ as the experimental distributicon obusrv:4i in refererce .
The last two formulzs are simply the invers:iorn of «he normalization
method employed previousl,. For I(J) we now have:
: P(J) S A N ,
I(J) Nl )= —in(t———) (2o
PT(T) W E

For f,, « f£_1J) we Iind the equation of a line through the

points [f (3] ana {fT(J)-AZ, I = (n2]. Using the

Fh

linear and quadratic orms for the surprisa.s as functions o
fTI b‘

using Egquation 27 for each selected value of £

we can now generate the actual distribution P = P(fT)

T
Figure 8 compares with our semi-emnirical meodel credic

rt

1

C

I

-

for the Reuction {ITI) race coefficients wigh =oh 3z

cxerimen

o
¢

data in terms of fR' The model also sives aualitative acgrecment
with the Reaction (VIT) cmunerimental 4ata although the simplici-

ty of the alygorichm results 1n some cuantitative differences.

VI. RATE CCEFFICIELTY PREDICTION FOR REACTION:

(IV) and (VIIT;

We now apply the model with some sdditional assumptions o
Reactions (IV) and (VIII) for which, to the best of our xXnowlo:dce,
detailed experimental rate coefficients arc not yet available,

To develop the full vibrotational distribut:ion we must predict

a vibrational pumping distribution, a most prebable J within




each v-level, and the form of the rotational surprisalis for

each v-level. Berry has reported in reference 21 an isotcpic
independence for the vibratiovnal surprisals of Rcactaions (I}

and (II). The linearity of these surprisals indicates that

the distribution is characterized by just one moment, namely

the mean product vibrational energy. The vibrational surgrisals

for Reacticns (III) and (VII) are computed using the RRHO result

o - 3/2
PO(£ ) = 8 (1-£ )% (30)
v v
such that
- “O -
P (E o= 1 (31)
u
The resultant surprisals are not entirely linear, but are
regular cerough so that if we assume an 1sotopic independence
we can predict I(fv) for the product DF and DBr molecular
vibraticonal levels. Then using the predicted values I[(v) we
find the vibraticnal distribution
o -1
P(v) = «x_ P e (22)

v
where Ky 1S such that the largest value of P(v) is unity.
This normalization giving P(v)maX = 1 1s the same used by
Polanyi in referecnce 7.

There 1s also reported {(see reference 22) an isotopic in-
dependence rfor ;R as a function of fV between Reactions (I) and
(11). Assuming the same relationship between Reactions (III)
and (IV) and between (VII) and (VIII) we can predict 3 (v) for
Reactions (1V) and (VIII).

To rcredict the rotational surprisals according to the
model, we use the widths predicted in Figure 6, and the
same prescription as given in Section V for Reaction (III).

We further 1dentify that only one rotational level beyond the
full-width is selected. The full vibrotational distributions
for Reacti~ns (IV) and (VIII) thereby gencrated are shown in

Figures 9 ~nd 10.




VII. SUMMARY

A model was developed which combines statistical ideas
with well-established reaction dynrnamics. The model describes
the features of experimental rotational distributions for six
reactions and predicts the full vibrotational distributions for
two reactions nct yet determined experimentally. Future work
involves defining the relationships among arbitrary rotational
distributions and the classical "information" of a distribution
for a given reaction. We also hope to extend the ideas presented

here to ccllisional relaxation processes.




TABLE I. Translational Surprisal Full-widths, “(f.), at I=.n

T

Reaction (I)

r-

0.212

v
1 0.198
2
3 0.045

Reaction (II)

1 0.181
2 0.147
3 0.122
4 0.054
Reaction (III)
v c
1 0.036
2 0.048
3 0.065
4 0.068
5 0.064
6 0.068
7 0.030
8 0.017




TABLE

b
4

Translational Surprisal Full-widths, =~ F

\
m~7

Reacticn (I)

\Y% . Observed ! predicted (:=§)
1 0.198 0.208
2 0.212 0.212

Reaction (II)

v L observed _ rredicted =0)
1 0.181 0.117
2 0.147 0.147
3 0.122 0.131

The model predictions are compared with the observed data for
Reactions (I) and (I1). Ulote that the precise match for the

largest full-widths is simply due to the normalization of
equation (15).

(o

ot

4
Il
3

to
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LIST OF FIGURES

Figure 1. Surprisals as functions of translational energy for
each of the experimentally observed product vibrational levels
tor Reactions (I)-(III). The surprisals were computed using

the normalization described in the text.
Figure 2. Translational surprisals for Reactions (V}-(VII).

Figure 3. Schematic for the model predicting surprisal widths.
An energy interval, .', is chosen ccrresponding to the v = 3
surprisal width at the value I = Inl. All of the energy levels
within fR - 7, where fR 1s the erercy of the v = 3 population
maximum, define a group of states oI approximately equal energv
Ev_o' This aroup of states includes thcse falling within the
interval at lower vibrational levels. According to the energv
redistribution mechanism described in the text, each rotation:zl
distribution will include broadening effects due to the selected

states accessible to a given vibtration level. Thus for the

reaction, the v = 2 level will have contributions from the v = 3
level, and the v = 1 level will have contributicons from both

the v = 3 and v = 2 levels. Each selected rotational level is
weighted according to level degeneracy (2J+1), vopulation
P<EV—R)' and the rotational energy disgancz, (E, from the level
to the rotational distribution center ER.

Figure 4. Predicted (.) and observed {(0) values of the trans-

lational =surprisal widths as functions of the normalized vi-
brational energy, fv. The constant C 1s determined by equating
the maximum predicted and observed widths for each reaction.
Ve expect and observe the best results for Rcactions (III) and
(VII) where many vibrational levels are involved in the energy

redistribution mechanism which is the crux of the model.
Figure 5. The predicted v = 1 product vrotational distribution
for Reaction (II1), using the technrnicues of the model.

Figure 6. The predicted translat:ional surunrisal full-widths

for Reactions (IV: and (VIII). The data is gencrated assuming

isotopic independence in the paranctors , C, and f (£4) hetween
I f R Vv




Reactions (III) and (IV) and between (VII) and (VIII;.

Figure 7. The ratio of predicted surprisal "half-widths" (.)
compared with observed data (O) for Reaction (III). Data for
Reaction (VII) shows qualitative agreement, although guantita-
tive discrepancies arise due to the simplicity of characterizing
the rotational energy distance, 6E, as the difference of each
selected level energy and ER' Constructing a model using a
continuum value for §E as the difference between each selected
level energy and weighted values of the product rotational dis-
tribution energies might improve cuantitative results, but would

also involve unwarranted complexity in an otherwise simple model.

Figure 8. Predicted (&) and experimental (0O) product rctational
distributions for Reaction (III). Note that the results are
best in v-levels where the model accurately predicts the sur-
prisal full-widths. Reaction (VII) data exhibits gualitative
agreement although guantitative discrepancies arise due to the
simplicity of the model technigues, as alluded to in the caption

to Figure 7.
Figure 9. Predicted product distributions for Reaction (IV).

Figure 10. Predicted product distributions for Reaction (VIII).
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